水素化によるZr-Nb系合金とジルカロイ-4合金被覆管の機械特性劣化に関する研究 by 趙 子寿
Mechanical Property Degradations of Zr-Nb







          チョウ ズショウ 
氏 名          趙 子寿 (ZISHOU ZHAO) 
授 与 学 位          博士（工学） 
学位授与年月日          平成２８年９月２６日 
学位授与の根拠法規 学位規則第４条第１項 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）量子エネルギー工学専攻 
学 位 論 文 題 目          Mechanical Property Degradations of Zr-Nb Alloy and Zircaloy-4 
Cladding Tubes Due to Hydrogenation (水素化によるZr-Nb系合金とジ
ルカロイ-4合金被覆管の機械特性劣化に関する研究） 
指 導 教 員 東北大学准教授 佐藤 裕樹 
論 文 審 査 委 員          主査 東北大学教授   渡邉 豊  東北大学教授 長谷川 晃 
                          東北大学教授  永井 康介  教授 阿部 弘亨（東京大学） 
             東北大学准教授 野上 修平  東北大学准教授 佐藤 裕樹 
                     
論 文 内 容 要 旨          
 Zirconium (Zr) based alloys have been extensively applied as key structural component in the fission 
nuclear power reactors, on benefit of the low neutron absorption cross section, excellent corrosion resistance 
and good mechanical performance. The Zr alloys are generally fabricated in the form of tubular shape by 
pilger rolling process. This process will ineluctably bring some crystallographic textures, resulting in 
anisotropic behavior of tubular materials. After a long term of service in reactor, hydrogen uptake by 
Zr-based nuclear fuel tubes has been regarded as one of the significant issues which greatly degrade the 
mechanical properties of nuclear fuel tubes. The hydrogen ingress into Zr matrix will precipitate as hydrides, 
and then induce hydrogen embrittlement by the accumulation of hydrides. At absence of external load, this 
embrittlement effect is not apparent. Nevertheless, under the reactivity initiated accident (RIA), pellet-clad 
mechanical interaction (PCMI) will occur, and impose a complicated stress-strain state to the cladding tubes. 
Once the stress exceeds the failure criteria of cladding, leakage of radioactive substance to the coolant will be 
preceded. Previous researches are unfortunately shortage of overall evaluations of the anisotropy and the 
hydrides on the mechanical properties. Therefore, in this work, the essential efforts will be made to exploit 
the connection between anisotropic microstructure and hydride-induced embrittlement, in order to attain a 
better understanding of the cladding failure due to hydrides precipitation. 
This research has been carried out on cold-worked and stress-relieved Zircaloy-4, and fully-recrystallized 
Zr-Nb cladding tubes. Two separate mechanical testing methods have been employed at room temperature. 
One is the conventional uniaxial tension (UT) along tube longitudinal direction, and another one is the newly 
developed advanced expansion due to compression (A-EDC) test by our research group. The A-EDC has been 
confirmed to maintain a uniaxial stress-strain state along the hoop direction by finite element method (FEM), 
which enables us to evaluate the performance along hoop direction of cladding tubes. The crystallographic 
relationship between hydrides and matrix has been researched by the application of electron backscattered 
diffraction (EBSD) technique. Through the analysis of pole figures, the habit crystal planes of hydrides 
precipitation have been confirmed. 
In Chapter 1, a general background has been introduced. Especially, two issues of anisotropic mechanical 
behavior and hydrides-induced degradation have closely related to the lifetime of nuclear fuel tubes. Since 
very limited work has focused on the mutual effect of these issues, a systematic and comprehensive research 
should be performed to address it, which is the research motivations and purposes of this thesis. 
Chapter 2 has carried out an extensive survey of the current literatures. This chapter summarizes the 
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materials development history of zirconium-based cladding tubes and the origin of textured microstructures 
due to manufacture. The existing knowledge on the cladding tubes degradation in nuclear reactors has been 
reviewed such as corrosion, hydrogenation, and irradiation. For the nuclear fuel tubes, one of the most 
concerned issues is about the mechanical performance in the cylinder hoop direction, because the stress in 
that direction is generally the main stress component during some severe conditions, like RIA. The merits 
and demerits of the pre-existing testing techniques of cladding performance under hoop stress have been 
discussed as well. 
In the Chapter 3, the mechanical properties of as-received Zircaloy-4 have been studied by the 
longitudinal tension and hoop tension using conventionally uniaxial tension tests and A-EDC tests, 
respectively. The microstructure characterization of Zircaloy-4 and the related mechanical anisotropy has 
been investigated. The microstructure was characterized as that the basal poles are dominantly aligned in 
the tube radial direction with a split in the hoop direction. In addition, the grains were found to be elongated 
in the longitudinal direction. In the grain interior, large amounts of residual strains have been detected by 
EBSD, which is convinced to be the consequence of cold-worked and stress-relieved annealing condition. 
With respect to the hoop direction, the average 0.2% yield strength (YS) and strain at fracture of Zircaloy-4 
were ~836 MPa, ~1037 MPa, and ~0.12, respectively, which were comparative to the literature. It has also 
been proved that, compared with the hoop performance, the tube longitudinal direction could achieve 
relatively lower mechanical strengths, but a larger elongation. The differences may be attributed to the 
texture microstructure. The hydrides precipitated in Zircaloy-4 were preferentially distributed along the 
hoop direction. Through observations in the tube longitudinal-radial plane, hydrides were aligned along the 
tube longitudinal direction. The shape and orientations of grains were responsible for the hydride 
morphology and distribution. The hydrided Zircaloy-4 presented a gradual reduction of fracture strain in the 
tube longitudinal direction, whereas minor fluctuations of strain at fracture have been signified in the hoop 
direction when the hydrogen content below 800 ppm. 
Chapter 4 has applied electron backscattered diffraction (EBSD) analysis to demonstrate the 
microstructure evolution of Zr-2.5Nb nuclear fuel tubes. The samples firstly are subjected to different strains 
by UT and A-EDC tests at room temperature. Then the anisotropic performance of Zr-2.5Nb can be 
explained from the findings of the microscopic view. For the as-received Zr-2.5Nb, a feature of equiaxed 
grains on the tube primary planes has been observed. Additionally, average grain sizes on each plane are not 
equivalent, but larger grain size in the longitudinal-hoop plane and smaller in the radial-hoop surface. The 
basal poles are preferentially aligned in the tube radial direction, with a split towards the hoop direction. The 
first and second prismatic poles are found to attain peak intensity on the tube r-θ plane. The crystallographic 
texture is initiated from the pilger rolling process and the followed annealing. The Kearns factors of basal 
poles have been proposed in order to quantitatively evaluate the crystallographic orientation, which also 
shows a good agreement with the results of pole figures. The Schmid factors (SFs) of primary slip system 
depend on the direction of applied load; either longitudinal or hoop directions. SFs for the basal slip systems 
 are larger for stress applied to hoop direction than that in longitudinal direction, and vice 
versa in the prismatic slip systems . Plastic deformation-induced elongation of grains 
maintains a steady increase at the strain less than 10%. After that, the average grain size of samples in UT 
tests nearly a constant due to the activation of secondary slipping deformation systems. The elongation of 
grains in A-EDC tests can be suppressed by twinning deformation as well as secondary slipping deformation 
systems. The crystal grains under longitudinal loading in the UT will rotate/slip along with the 
accumulation of stains. On the contrast, the hoop loading in the A-EDC is likely to exert more complex 
influence on the orientation of basal poles. 
Chapter 5 discusses the mechanical results of hydrogenated Zircaloy-4, Zr-1.8Nb, and Zr-2.5Nb cladding 
tubes. The hydrides-induced degradation in the tube longitudinal and hoop directions has been researched. 
On one hand, under the conditions of the same testing, the mechanical differences among different hydrided 
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materials have been compared together. On the other hand, if the hydrided material is fixed, its mechanical 
anisotropy reflected by UT and A-EDC tests has been discussed as well. As is known, hydrides precipitation 
inside Zr-1.8Nb and Zr-2.5Nb cladding materials plays a deleterious role on the ductility of cladding 
materials. For the hydride morphology, at low hydrogen content (<500 ppm), hydrides were predominantly 
distributed along hoop direction. In the case of heavily hydrogenated samples (>800 ppm), radial and hoop 
hydrides linked up together forming a network-like configuration. The dominant crystallographic 
relationship between hydrides and hcp-Zr was , regardless of the precipitation sites, 
namely grain boundaries or grain interiors. The hydride chain was found to tilt when it encountered with 
grain boundaries. Successively, hydride either grew along grain boundary or into the other grain interior, 
both following  as the habit planes. The tilt could inevitably promote the growth and fraction of 
radial hydrides. In addition, it is interesting to mention that the growth of hydride chain ceases once the 
growth direction is perpendicular to the c axis of hcp-Zr grain in front of it, because it cannot follow the 
 habit plane in further growth. For hydrogenated Zr-1.8Nb and Zr-2.5Nb samples, the strain at 
fracture in A-EDC exhibited a much rapid dropping rate than that in the UT tests with the hydrogen 
concentration increasing. Compared with Zircaloy-4, the Zr-Nb cladding materials (Zr-1.8Nb and Zr-2.5Nb) 
can maintain comparatively larger fracture strain at the same hydrogen concentration level, but are more 
susceptible to hydride-induced ductility loss in the hoop direction. By comparing the ductile behavior of 
Zr-1.8Nb and Zr-2.5Nb in the tube longitudinal direction, it can be found that the addition of Nb could 
impose a significant influence on the fracture ductility until the hydrogen content reaches ~800 ppm. 
However, exceeding the above hydrogen concentration, hydride plays a much vital role on the strain at 
fracture other than Nb, as depicted by the similar strain at fracture of Zr-1.8Nb and Zr-2.5Nb with the 
similar hydrogen content. Moreover, the strain at fracture of Zr-1.8Nb and Zr-2.5Nb represents a relatively 
lower decreasing rate in hoop direction than in the longitudinal direction, which can be attributed to the 
hydride distribution and loading directions.  
Chapter 6 provides an overall discussion on this dissertation. The mutual effect of the textured 
microstructures and hydrides precipitation on materials’ mechanical performance has been discussed. The 
A-EDC method has been developed as a useful mechanical technique in studying the performance of 
cladding tubes under PCMI, especially in the severe deformation case. The Zr-Nb alloys have been compared 
with the conventional Zircaloy-4 from the aspects of microstructure, hydrides precipitation, and ductility loss. 
By the A-EDC tests, the performance of Zr-1.8Nb and Zr-2.5Nb alloys has been evaluated in a comparison 
with Zircaloy-4. As the next generation nuclear fuel cladding tubes, the Zr-1.8Nb and Zr-2.5Nb showed much 
better performance in ductility than Zircaloy-4, even in the hydrogenated condition. The findings in this 
thesis will help people understand the behaviors of Zr-Nb alloys and Zircaloy-4 cladding tubes under PCMI, 
as well as the hydride-induced embrittlement. Zr-1.8Nb and Zr-2.5Nb have also been comparatively 
discussed. Under the condition of same loading, for instance in the UT tests, it can be found that the fracture 
strains of Zr-2.5Nb are smaller than Zr-1.8Nb in the case of hydrogen concentration below ~500 ppm. The 
main reason is the different amounts of Nb addition. TEM observation has revealed that the Zr-2.5Nb has a 
much larger precipitate density than that in Zr-1.8Nb. As is analyzed before, these precipitates were β-Nb 
rich particles. Some suggestions have been raised as well with the purpose to provide some knowledge on 
materials designing and the reliable usage of nuclear cladding tubes.  
Chapter 7 is the conclusions of this thesis. In this chapter, some prospects on the application of A-EDC 
method have been offered. The Zr-based cladding tubes have been regarded as the key structural component, 
since their performance and reliability are directly involved in the safety of nuclear power plants. The 
cladding tubes applied in fission nuclear reactors such as BWRs and PWRs generally work at a temperature 
of ~300 °C. As is known, the hydrogen solubility is a temperature determined issue. The increasing in 
temperature definitely promotes hydrogen dissolved into Zr matrix, which in turn could reduce the volume 
fraction of hydrides. Up to now, many efforts have been made on the study of mechanical properties in 
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zirconium based nuclear fuel tubes at high temperature. However, these studies are only focused on the 
mechanical properties of sheet materials or tubular sample only in the longitudinal direction, which failed to 
consider the hoop and longitudinal performance of tubular samples together. Therefore, it is necessary to 
apply the UT and A-EDC tests with an attempt to exploit the cladding performance with the ascending 
temperature, further obtaining better understanding of the PCMI influence of nuclear fuel tubes in reactor. 
Besides, the irradiation will bring in various deleterious effects, including the change of microstructure, 
hardening, ductility loss, etc. Therefore, essential attentions should be paid on the study of irradiation effect 
on the hoop direction, since it is mainly concerned with mechanical reliability of cladding tubes. The sample 
size in A-EDC is suitable for the irradiation in the materials testing reactors (MTRs) as well as mechanical 
tests, to achieve statistically meaningful numbers of data. Moreover, a comparative study will be conducted 
in order to clarify the irradiation effect on tube directionally mechanical performance. 
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